An algorithm capable of identifying short repeat motifs was developed and used to screen the whole genome sequence available for Haemophilus influenzae, since some of these repeats have been shown to affect bacterial virulence. Various di-to hexanucleotide repeats were identified, confirming and extending previous findings on the existence of variable-number-of-tandem-repeat loci (VNTRs). Repeats with units of 7 or 8 nucleotides were not encountered. For all of the 3-to 6-nucleotide repeats in the H. influenzae chromosome, PCR tests capable of detecting allelic polymorphisms were designed. Fourteen of 18 of the potential VNTRs were indeed highly polymorphic when different strains were screened. Two of the potential VNTRs appeared to be short and homogeneous in length; another one may be specific for the H. influenzae Rd strain only. One of the primer sets generated fingerprint-type DNA banding patterns. The various repeat types differed with respect to intrinsic stability as well. It was noted for separate colonies derived from a single clinical specimen or strains passaged for several weeks on chocolate agar plates that the lengths of the VNTRs did not change. When several strains from different patients infected during an outbreak of lung disease were analyzed, increased but limited variation was encountered in all VNTR sites analyzed. One of the 5-nucleotide VNTRs proved to be hypervariable. This variability may reflect the molecular basis of a mechanism used by H. influenzae bacteria to successfully colonize and infect different human individuals.
Short tandemly repeated sequences occur in several to thousands of copies dispersed through the genomes of many, if not all, higher eukaryotes. These sequence elements show hypervariability among human individuals, and individual-specific DNA fingerprints can be generated by visualizing these elements with the help of molecular techniques. These molecular loci themselves became known as variable-number-of-tandemrepeat regions (VNTRs) and are now well-established targets for pedigree analysis (16) . Characteristic prokaryotic repeats such as the enterobacterial repetitive intergenic consensus (ERIC) sequences and the repetitive extragenic palindrome sequence motif have been found in microbial species as diverse as Enterobacteriaceae and cyanobacteria (2, 42) . All of these DNA elements, also including the pneumococcal BOX repeat (24) , are not organized in tandem generally but have been used for molecular typing purposes as successfully as the VNTRs mentioned above (19, 38) . More simple VNTR-like bacterial sequence motifs have been detected in Mycobacterium tuberculosis by hybridization with a probe consisting of five GTG units (41, 44) . In other bacterial species, including Staphylococcus aureus, many of the genes encoding membrane-bound proteins have been shown to contain contiguous repetitive DNA. The staphylococcal coagulase and protein A genes are clearly polymorphic in their repetitive regions (11) (12) (13) . Relatively little is known about the presence, putative function, and possible (high-speed?) evolution of both the repeat sequence and unit number of VNTR-like DNA in prokaryotes, but one of the exceptions is the well-documented repeat variability related to phenotypic switching in Haemophilus influenzae (43) . Within the lic1 gene of H. influenzae, variable numbers of the tetranucleotide unit 5Ј-CAAT-3Ј were detected. Variation in the overall number of units moves upstream-located ATG codons in or out of frame, which affects protein synthesis and structure. Additional switching signals involving CAAT repeats were identified in the genes lic2 and lic3. The lic2 and lic3 gene products are also involved in lipopolysaccharide (LPS) biosynthesis (14, 43) . Another H. influenzae VNTR locus is found between the genes hifA and hifB, which encode fimbrial subunits (39) . Reversible phase variation is enabled in this particular case by changes in the number of TA repeats which space the Ϫ35 and Ϫ10 boxes of the dual promoter controlling hifA and hifB. Interestingly, detailed genetic analysis of the entire fimbrial gene cluster also revealed tandemly repeated repetitive extragenic palindrome units (40) . The basic link between VNTR polymorphism and expression of pathogenesis-related genes as described above for H. influenzae was identified in Neisseria meningitidis and Neisseria gonorrhoeae as well (34) . It has been postulated that this efficient form of adaptive evolution, especially in those genes encoding bacterial factors that interact with an "unpredictable environment," may be highly beneficial to bacterial populations (25, 26) . The existence of slipped-strand mispairing as a basic molecular mechanism of DNA variation in VNTRs is generally accepted (21, 43) .
The availability of the full genome sequence of H. influenzae (9) enables computerized analyses of the presence of repetitive DNA with VNTR-like potential (18) . Recent molecular analysis of only the tetranucleotide VNTRs, revealed the involvement of repeat number variation not only in the lic genes but also in repeats located in some putatively iron-regulated genes (15) . Apparently, H. influenzae is capable of translating VNTR variability into adaptive virulence. We here demonstrate VNTR variability in a large number of clinical isolates of H. influenzae. It is shown that in addition to the tetranucleotide VNTRs, other repeat species, consisting of 3 to 6 nucleotide units, can also be variable in length. Moreover, we here demonstrate the variation of repeats during growth of H. influenzae in different human hosts. The possible implications of these findings for the study of bacterial genome evolution and pathogenesis with the help of PCR tests aimed at VNTR loci are discussed.
RESULTS
Tracking potential VNTRs. The result of the computeraided searches are summarized in Table 2 . All 23 potential VNTR loci comprising repeat units ranging from 2 to 6 bases in length were given a recognizable code (Hi 2-1 through Hi 6-3) and are defined by the position in the H. influenzae genome, the unit sequence, and the number of units in the H. influenzae Rd strain (9) . The results given in Table 2 are in agreement with those recently reported for the tetranucleotide repeats (15) . In the case of the H. influenzae genome, five dinucleotide repeats were identified. None of these repeats exceeded a length of five sequence units, and three of them were inside an open reading frame. The TA repeat present between the hifA and hifB genes in H. influenzae AM20 and AM30 (39) is not present in the genome of the fimbria-deficient Rd strain (9) . A single, relatively long extragenic 3-nucleotide repeat was identified, as were two and three 5-and 6-nucleotide repeats, respectively. Seven-or 8-nucleotide repeats were not identified.
The majority of potential VNTRs comprised repeats with a 4-nucleotide-long unit. Twelve loci were identified, varying from 6 to 32 units in overall length. The unit sequences appeared to be quite diverse, although a single motif (TTGG) occurred five times (Hi 4-4, Hi 4-5, Hi 4-7, Hi 4-9, and Hi 4-12) ( Table 2 ). In all of these cases, except for Hi 4-9, the sequences immediately bordering the repeats show homology (Table 2) . This may be an indication of locus multiplication (15) .
Repeat variability. Primers for tracking repeat variability were designed for all of the potential VNTRs of H. influenzae ( Table 2 ). The 20-nucleotide primers were selected on the basis of positional criteria only, their location being 5 nucleotides upstream and downstream of potential VNTRs. Only in the case of repeat locus Hi 6-1 was additional spacing introduced, due to the presence of single, noncontiguous copies of the unit sequence in the region surrounding the actual VNTR (data not shown). Our main research focus was with the tetranucleotide repeats, because it is the largest class of repeat types and because there is a link between repeat variability and pathogenicity (14, 15, 25, 26, 43) .
All strains subjected to VNTR analyses of diverse kinds were characterized by RAPD. Table 1 shows the overall results, indicating the unique character of many strains but also the close genetic relatedness (if not identity) of the outbreakrelated H. influenzae strains. When combined with DNAs from 10 independent isolates of H. influenzae, different DNA products were synthesized by using the primers designed for the amplification of the tetranucleotide repeats (Fig. 1) . The average lengths of the repeats and the observed variation in length are given in Table 3 . The variability in the length of the repeats is quite high for this class of repeats. Sometimes multiple DNA fragments were produced upon amplification of a single DNA template. For the Hi 4-5 VNTR, for instance, two widely differing amplicons were generated upon PCR; the two fragments differed by 28 repeat units in length (n ϭ 2 and n ϭ 30 [ Table 3] ). The precise nature of these fragments needs to be determined, although VNTR duplication or heterogeneity of a bacterial population are possible explanations for this phenomenon. The primer combination for amplification of Hi 4-7 produced no DNA product at an annealing temperature of neither 42 or 52°C. This is probably due to an absence of primer binding sites in the templates. Lowering the annealing temperature had no effect. Interestingly, the primer sequences bordering Hi 4-7 showed a limited set of point mutations compared to the sequences bordering Hi 4-4 or Hi 4-5 ( Table  2) . None of the primer combinations gave rise to identical amplicon patterns. Table 3 shows that changes in the size of a given repeat did not coincide with similar changes in other repeats. This demonstrates independent evolution of repeats present within a single genomic molecule. The identity of the 5Ј primer for repeats Hi 4-4 and Hi 4-5 combined with different 3Ј primers (Table 2 ) points to earlier crossover events. The 3Ј primer for the Hi 4-12 repeat displays sequence homology with the 5Ј primers for Hi 4-4 and Hi 4-5 as well. One of the primer combinations gave rise to a single size of fragment. Interestingly, this lack of variability coincided with the shortest repeat length (n ϭ 6) found in the fully sequenced Rd type strain (Hi 4-6) ( Table 2 ). All other VNTR regions showed amplification fragment length variability. Five of the VNTR analyses pro- 
a IC, intensive care unit; NQAS, National Quality Assurance System (control strain); Hema, hematology; CF, clinic for cystic fibrosis patients; Bact, member of the personnel of the Bacteriology Department; Int Med, internal medicine; Gen Surg, general surgery; Nur, nursing home.
b MOMP typing was performed for the Amsterdam strains only. c The RAPD types were determined per group of strains; type I in one group is different from type I in another group. There was no overlap between groups with respect to the RAPD-determined genotypes. The strains from Amsterdam were analyzed in a blinded and randomized order.
d ND, not done. e CSF, cerebrospinal fluid. f Strains 714 and 965 were retrieved from glycerol stocks and were subsequently passaged by serial transfer for 16 consecutive days. All isolates analyzed appeared to be of the indicated RAPD type.
g The missing RAPD types (III, IV, V, and VI) for this group of strains were assigned to control strains from Rotterdam that were included when RAPD was performed for this group of isolates. Additional information on both the strains from Amsterdam and the isolates of the non-H. influenzae Haemophilus spp. can be found in references 35 and 36. VOL. 65, 1997 VNTRs IN H. INFLUENZAE , and these PCRs were studied further for species specificity and evolutionary concordance. Figure 2 displays the data obtained when DNAs from the same, nonrelated strains were used for amplification with the primers specific for the repeats harboring units of 3, 5, or 6 nucleotides. A degree of variability similar to that observed with the tetranucleotide motifs was noted, although locus Hi 6-3 appeared to be monomorphic. With the primers designed for the amplification of Hi 5-1, RAPD-type DNA fingerprints were obtained.
Species specificity. When Hi 4-3, Hi 4-5, Hi 4-10, Hi 4-11, and Hi 4-12 were amplified for the Haemophilus species other than H. influenzae, no DNA fragment was synthesized, indicating the species specificity of the primer sites. For the other motifs some cross-reactivity was observed. Hi 3-1, Hi 6-1, and Hi 6-2 amplification led to the synthesis of single, identically sized fragments for all of the different species in the panel. Hi 5-2 amplification detected limited polymorphism among the different species.
Stability of repeat numbers. A selection of the tetranucleotide VNTRs (Hi 4-3, 4-5, 4-10, 4-11, and 4-12) was amplified by using DNAs isolated from the serial samples obtained during long-term cultivation of laboratory strains 714 and 965. Analysis of DNA from primary colonies derived directly from the glycerol stocks revealed that these archival stocks contained cells harboring identical repeats. Moreover, repeat lengths measured at day 1 of cultivation were identical to those measured after 16 days of continued subcultivation. This shows that routine cultivation did not produce detectable repeat variation.
Repeats Hi 4-3, 4-5, 4-10, 4-11, and 4-12 were also amplified by using as templates DNAs isolated from 10 isolates from each of four different patients (Table 1 , strains A to J for patients I to IV). An overview of repeat length polymorphisms is provided in Table 4 , whereas an example of the experimental data is given in Fig. 3 . From the RAPD analyses it became clear that patients II and IV carried mixtures of strains. Strain E from patient II showed a different RAPD pattern but appeared to be similar to the strains from the same patient when the VNTRs were considered. Most of the VNTRs were genetically stable. Reproducible multiplicity of some of the VNTR alleles was detected (Hi 4-5 for patients I and II and Hi 4-12 for patient I). Overall, most of the strains derived from colonies from the primary culture from individual patients showed identical numbers of distinct VNTRs. When the VNTRs consisting of 3-, 5-, or 6-nucleotide units were amplified for a selection of the same strains as used in the experiments described above, identical conclusions could be drawn. Length conservation was documented for Hi 3-1, Hi 5-2, Hi 6-1, and Hi 6-3, indicating short-term genetic stability.
Evolutionary concordance. Epidemiologically related strains were studied with RAPD and major outer membrane protein (MOMP) profiling (35, 36) . MOMP and RAPD data confirm the genetic relatedness of the first 13, epidemiologically related isolates (Tables 1 and 5 ) (A880021 through A880034, RAPD type II). All of the other strains could be discriminated, although the differences as measured with RAPD are restricted to one band only (Fig. 4) . Hi 3-1, Hi 4-3, Hi 4-5, Hi 4-10, Hi 4-11, Hi 4-12, Hi 5-2, Hi 6-1, and Hi 6-2 were amplified by using as templates DNAs isolated from the outbreak strains. An overview of repeat length polymorphisms for the tetranucleotide repeats is provided in Table 5 . Compared to the data presented in Fig. 3 and Table 4 , increased heterogeneity was identified among the VNTRs. Multiple bands were observed with Hi 4-12. It is reassuring that when the average repeat lengths are calculated (Table 5) , epidemic strains appear as a homogeneous collection. The length variation was relatively small (maximum of 12.0% of the average), whereas for the nonrelated strains this value is much greater (minimum value of 42.2%). Consequently, a set of strains that are genetically closely related could be defined as a group showing a a Clinical data and origins of the bacterial isolates are given in Table 1 . The assay involving repeat Hi 4-7 (see Table 1 ) was unsuccessful in that no DNA fragments were synthesized. In some cases, of multiple DNA fragments were present. Amplification of Hi 4-4 and Hi 4-5 gave rise to coamplification of small amounts of several other products. This also occurred with amplification of Hi 4-8. In this case, high-molecular-weight amplicons were synthesized. See Fig. 1 for an example of the experimental results.
b MB, multiple (more than three) bands.
FIG. 1.
Polymorphisms in the Hi 4-10 VNTR as determined for 10 unrelated strains of H. influenzae. Lane numbers correspond to the strain numbering as used in Table 3 . Lanes M display 10-nucleotide ladder patterns; the intensely staining bands represent a 100-nucleotide fragment (Boehringer, Mannheim, Germany). Note that only strains 6 and 7 are identical with respect to this specific repeat (16 repeat units [ Table 3 ]).
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VNTRs IN H. INFLUENZAEmaximum of 10% length variability, when measured as the average variation in at least five VNTR loci. However, more data on the response to environmental conditions of the VNTRs should be available before definite criteria can be defined. It is still possible that strains change their VNTR profiles drastically under unfavorable conditions (25) . Figure 5 summarizes the experimental data obtained for repeats consisting of 3, 5, or 6 nucleotide units. Three of four loci seem to behave as stable genetic markers: among the epidemic isolates, Hi 3-1, Hi 6-1, and Hi 6-2 are identical. However, several of the nonrelated strains cannot be discriminated from the outbreak cluster as well. For Hi 5-2, five different amplicon lengths can be determined among the epidemic isolates, indicating the hypervariable nature of this region.
In order to analyze the data for the tetranucleotide repeats in more mathematical detail, we devised a program to produce a distance matrix for the data shown in Table 5 . For reasons of simplicity, the program uses the largest size in case of multiple bands. When differences in allele size are taken into account, the distance matrix appears as shown in Table 6 . Comparison of any of the strains with all of the other strains in the collection shows that the genetically related, MOMP-and RAPDidentical strains are closest with respect to the calculated distance: the maximum score is 18 (strain 3 versus 4). The minimal score among the incidental isolates is 19 (strain 4 versus 17).
DISCUSSION
Occurrence of VNTRs in bacterial DNA. Bacterial genomes may contain repetitive DNA moieties which show significant homology, both in nature and behavior, to the VNTR-type DNA stretches encountered in the genomes of lower and higher eukaryotes (1) . A systematic, computerized search for the presence of longer arrays of short repeat units in the genomes of simple organisms was performed recently (8) . In DNA sequences of slime molds, fungi, protists, prokaryotes, viruses, intracellular organelles, and plasmids, 78 putative sites were discovered. In addition to the H. influenzae repeats, of these 78 repetitive DNA domains only 3 originated from prokaryotes. A (CTA) 9 domain was discovered in the genome of Neisseria meningitidis, whereas (CTA) 11 and (CTT) 21 were discovered in sequences derived from Mycoplasma genitalium and Mycobacterium leprae, respectively. It was suggested, but not experimentally demonstrated, that these bacterial loci may be as prone to genetic variability as those encountered in eukaryotes. We here present evidence that in the case of H. influenzae, a large fraction of VNTR regions comprising 3-to 6-nucleotide repeat units, as identified here and previously (15, 18) , are highly polymorphic in nature. Sequence determinations revealed that in the case of variability in the Hi 5-2 locus, multiplication or deletion of GTCTC units could be demonstrated. Also for the other VNTRs, the sequence motifs were shown to be identical to those previously reported (15) . On the other hand, cloning VNTR PCR products regularly resulted in the acquisition of clones with the insert being shorter than the original PCR product (results not shown). The straightforward design of locus-specific PCR primers allows high-speed development of multiple assays suitable for the study of molecular evolution, which has immediate implications for the determination of epidemiological relationships as well. Table 3 . Lanes M display 10-nucleotide ladder patterns (Boehringer); the intensely staining bands represent a 100-nucleotide fragment (arrows). a Boldface identifies cases in which RAPD typing does not correspond to VNTR typing. Note that strain lettering (A through J) corresponds to different colonies selected from primary culture plates, corresponding to the identification as shown in Fig. 3 .
Other (archaea)bacterial full genome sequences have been determined. The M. genitalium genome (10) contained a smaller number of potential VNTRs (n ϭ 11) (results not shown) than H. influenzae, but the genome is also about half as long. Interestingly, in this case the trinucleotide repeats represented a clear majority. Five of the 11 repeats were built from the repeat unit TAG. As was the case for H. influenzae, virulence genes were identified at the sites of repetitive DNA (27) . Single 5-and 6-nucleotide repeats were identified, but these were built from relatively low numbers of units. No repeats consisting of 7-or 8-nucleotide units were detected. Only short dinucleotide VNTR candidates were detected in the genome of the methanogenic archaeon Methanococcus jannaschii (4) . All of these 35 loci, 2 of which were located on one of the two extrachromosomal plasmids, were short (Յ6 dinucleotide units) and indicative of the nonuniversal character of the VNTR-type domains. Apparently, species exist that can survive without large numbers of variable repeats. Moreover, the species specificity studies we performed show that the tetranucleotide variability may be a peculiarity of H. influenzae, since the primers we used did not cross-hybridize with DNAs from closely related species such as H. parainfluenzae. The existence of potential VNTRs, however, has been shown for several Neisseria species, H. parainfluenzae, and Moraxella catharralis by means of hybridization analysis (26) .
VNTR function. In eukaryotes, repetitive DNA may be involved in nucleosome organization, recombination, or regulation of gene expression or gene product activity (5) . For several FIG. 3 . Genetic polymorphisms in strains of H. influenzae derived from individual patients (I through IV). The strains are designated A to J as in Table 4 . The upper panel displays the results obtained with RAPD, showing homogeneity for the populations from patients I and III. Single aberrations are detected for patients II and IV. Note that the analysis of the Hi 4-3 VNTR confirms the RAPD data except for strain E from patient II. Lanes m display 10-nucleotide ladder patterns; the intensely staining bands represent a 100-nucleotide fragment (Boehringer). For determination of the sizes of the RAPD products, a 100-bp ladder (Pharmacia, Gouda, The Netherlands) was used. 1  A880021  A  II  23  21  19  43  23  2  A880022  A  II  22  20  19  44  21  3  A880023  A  II  20  18  18  44  19, 21  4  A880024  A  II  22  26  18  40  16, 25  5  A880025  A  II  21  20  18  44  21  6  A880026  A  II  22  20  20  44  21  7  A880027  A  II  21  22  18  44  16, 23  8  A880028  A  II  23  23  19  44  21, 25  9  A880029  A  II  22  20  19  44  21  10  A880031  A  II  22  21  17  44  22, 23  11  A880032  A  II  23  22  18  42  18, 23  12  A880033  A  II  22  24  19  44  23, 26  13  A880034  A  II  22  20  18 a RAPD types I and II are identical to those in Table 4 . Not all the differences between repeat lengths among various strains are in multiples of three units. This implies that, potentially, reading frames may be interrupted. Strains 1 to 13 have been described in detail before (35, 36) . species of prokaryotes, dinucleotide VNTRs were shown to be involved in, for instance, promoter activity modulation (39) . Although several short dinucleotide repeats were identified (Table 2) , it was decided not to analyze them. Their locations with respect to genes were not the same as for the fimbrial genes (39, 40) ; possible involvement in promoter spacing seems to be unlikely. Interestingly, all of the H. influenzae tetranucleotide repeats are within genes, and changing the repeat length has documented effects on virulence (25, 26, 43) . The relationship between repeat variability and LPS phase variation has been elucidated previously (43) . For a set of putatively iron-regulated genes, it was recently demonstrated that repeat variability once more appeared to be intimately related to adaptive virulence (15) . Overall, VNTR regions may be involved in the bacterial response to the physiological environment imposed by the host. The linking of repeat variation in the alpha C protein gene of streptococci and antibodymediated killing provides another interesting example (23) . Genes like these have been termed contingency genes, which show high mutation rates, allowing the bacterium to swiftly act in response to deleterious environmental conditions (25) . In addition, model studies employing plasmids containing cloned satellite DNA revealed that variation in the size of the repetitive domains could be detected even among bacteria subcultured from a single colony (30) . For Enterococcus faecalis it was recently demonstrated that phase variation of pAD1 conjugation functions relates to physical changes in so-called iterons, repetitive sequences as found in plasmids (3). Apparently, variation in these 8-bp repeat regions can lead to discrete physiological changes.
Multiplicity of VNTRs. Multiple bands in the PCR assays described in the present communication can be caused by erroneous amplification processes, such as mispriming, secondary priming, or the presence of multiple alleles of a given sequence domain. There are reasons that indicate locus multiplication rather than polymerase slippage. First, polymerase slippage is generally demonstrated by DNA ladder-type patterns. In our case, bands were discrete and differed by multiples of repeat units, not by single units. Second, individual colonies derived from single patients showed a consistent picture: when double bands were observed, all of the DNA extracts derived from individual colonies give rise to similar amplification patterns. Third, all of the experiments have been demonstrated to be reproducible, which was confirmed by multiplex PCRs (results not shown). The fact that strains that are epidemiologically related and consequently genetically closely linked differ in a relatively small number of repeat numbers (Table 4) underscores the likelihood of slipped-strand mispairing events (21, 39) .
Microbial evolution. A recent report postulates that bacterial evolution may be not a continuous process but a succession FIG. 4 . Analysis of outbreak-related strains of H. influenzae by RAPD and VNTR sizing studies. The strains are identified as in Table 5 . Strains 1 to 13 are epidemiologically linked; strains 14 to 20 are random isolates from the AMC collection (see Table 1 for additional information). Lanes m display 10-nucleotide ladder patterns in the VNTR panels; the intensely staining bands represent a 100-nucleotide fragment (black dots on the right) (Boehringer Mannheim). For determination of the sizes of the RAPD products, a 100-bp ladder (intense band at 800 bp) (Pharmacia) was used. The arrow on the right identifies a nonspecifically coamplified DNA fragment of unknown origin. Table 5 . Strains 1 to 13 are epidemiologically linked; strains 14 to 20 are random isolates from the AMC collection (Table 1) . Lanes M display 10-nucleotide ladder patterns in the VNTR panels; the intensely staining bands represent a 100-nucleotide fragment (arrows on the right) (Boehringer).
of temporally spaced major events (7) . These events cause a nongradual sequence of adaptation to a given environment. The extreme diversity in repeat length and the diversity among strains with respect to the relative lengths of the individual repeat loci (Tables 3 and 4 ) may be indicative of another, somewhat more contiguous form of DNA variation. Different regions of the genome (coupled to a great diversity of functions) seem to evolve in different manners, undoubtedly dependent on sequence composition and DNA polymerase reliability. In this context, it is important to realize that several of the VNTR loci described in the present communication will be under environmentally induced selection. Repeats in two strains can be identical because the strains are identical by descent or because the strains are under the same selective pressure. Nothing is currently known about the validities of these alternatives, and it should be emphasized that especially the latter option may be a caveat for epidemiological studies focusing on the detection of VNTR variation. Furthermore, it is important to realize that VNTRs greatly differing in length can still give rise to the same phenotype. When a gene contains a tetranucleotide VNTR and is switched on when seven copies of the repeat unit are present, the gene will be expressed in a comparable fashion when 7 Ϯ 3 n copies of the element are present. From a practical perspective, the H. influenzae VNTR regions are candidate targets for molecular identification and, consequently, subspecies identification of bacterial clones or strains. The tests described in the present communication present a valuable addition to the spectrum of techniques suited for characterization of the stability of the H. influenzae genome among related or unrelated clinical isolates (17, 20, 22, 32, 33, 36) . Most promising is the possibility that specific PCR tests like the ones described here may prove to be reproducible in different labs, which would be an important advance beyond both RAPD and pulsed-field gel electrophoresis, two commonly applied identification techniques that have problems with intercenter reproducibility (6, 37) .
Concluding remarks and future prospects. The type of analysis described in the present communication can be extended to any microorganism for which extensive nucleotide sequence data are available. The fact that the small genome of M. genitalium also appears to contain VNTR-type DNA suggests that for other prokaryotes suitable targets for a digital typing approach could be identified once larger proportions of their genomes are sequenced. As an interesting additional option, digital procedures for the study of pathogenicity-related genomic regions may in the future be applied to those microorganisms that are either fastidious or noncultivable. In view of the current effort aimed at determining the whole genome sequences of both M. tuberculosis and M. leprae, these two major bacterial pathogens may become amenable to this approach soon (28) . Once the DNA sequences of the VNTR-bordering PCR primers have been determined and found to be species specific, both diagnostic information and data on the evolutionary status of the strains involved can be obtained by performing a single PCR test. The efficiency of this type of analysis can be greatly enhanced once multiplex PCR assays are designed (work in progress).
The H. influenzae infection process requires that the bacteria adapt to several different host environments. Initial colonization of the nasopharynx, crossing of epithelial and endothelial barriers, survival in circulation, and translocation across the brain-blood barrier are all processes requiring specific virulence traits (29) . The variation of pathogenicity factors in high frequency in order to meet these requirements can possibly be achieved through (random?) VNTR modulation, as was described previously for several H. influenzae virulence factors (see reference 15 for a review). Studies in progress show that clonal strains isolated during persistent infection of cystic fibrosis patients show differing VNTR compositions (results not shown). Besides the variation in VNTR patterns observed among clonal strains isolated from different patients, VNTR variation possibly due to the changing (immunological or physiological) environment within a given individual can also be documented.
We here show the existence of very large differences in VNTR sizes when clinical strains of H. influenzae are com- 1  0  5  1 0  1 2  7  8  5  5  5  4  3  8  4  5 8  5 9  7 2  2 9  3 8  4 0  5 1  2  0  5  1 5  2  5  6  8  0  5  8  9  3  5 5  5 6  7 3  3 4  4 1 pared. This implies that the expression of multiple (virulencerelated) genes is modulated at very high frequencies and on an independent, individual basis. This is particularly clear for the VNTRs analyzed for the strains involved in an outbreak of infections in a nursing home. In a constant genetic background, VNTRs provide the contingency loci (25) essential for a swift response to the environmental selection imposed by the individual patient. Elucidation of the complex virulence gene expression in a patient-dependent fashion and focusing on gene activation or inactivation by VNTR-induced changes may in the end significantly extend our understanding of the H. influenzae infection process.
